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PREFACE

This report describes the experimental work carried out upon
refractory materials mainly chosen according to the criteria
set out in the previous report R744/1). It was decided

to concentrate-cfforts upon the .carbides of nicbium .and
tantalum and, further, to carry out some experiments on a
complex eutectic system (Nb-Mo-Ta-Al). All samples were
provided by other laboratories. The needle array format for
testing was obtained by etching back chemically the matrix
supporting the refractory fibres. The fibres were then etched
further to obtain points.

All samples were tested in a stainless steel chamber to ascertain
Fowler-Nordheim functions. Life tests at low operating

currents are being carried out for up to 1000 hours but are not yet
complete. After testing,little damage was found to the carbide which
could be attributed to operating conditions.

The results are reviewed in terms of field emitter geometry
and thermodynamic stabilities of the refractory compounds.

vii
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L+ INTRODUCTION

Previous work at Mulmer has given results
for tantalum carblde needle arrays in a nickel-chromium
matrix. Fowler-Nordheim plots for the needle arrays indicate
a performance comparable to or better than that of tungsten

needle arrays.

The alm of this research is to select and test metallurgical

systems with refractory components, say carbides, for their

potantial as cold cathode needle arrays.

A prerequisite to the research is the locatiaon of suitable
metallurgical systems with a eutectic reaction between the
refractory companent and a conducting metal. It is then
necessary to assess the likelihood of these systems being
suited to fabrication of needle arrays by plane-front
wnidirectional solidirication at practical temperature
sradients and solidification rates to give a rod-like

morphology.

A literature search has been undertaken under the headings
I8 Phase equilibria
. Inidirectional scolidification

D Physical properties of refractory compounds.
4

. Meld emission.
To simplify the cholce of systems the search was restricted

n

to alloys containing one or more of the non-metallic elements
carbon, boron or nitrogen and to the transition metallic
elements from Groups IVA, VA and VIA and to rhenium (Group VIIA):

IVA VA VIA VIIA
T™ Vv Cr -

] YAl Nb Mo -
HE Ta W Re

| 1




Most of these are known to form very high-melting carbides,
borides and nitrides. Furthermore, recent research has uncovered
numerous cases of eutectic equilibria in which these refractory

compounds are components.

Intermetallic phases have been disregarded, partly in cansequence
of their relatively low melting points but also because they are
expected to be inferior to the refractory compounds in their

stability to ion damage especially at, a pressure of, say, 10_7 torr.

Choice criteria for the properties of needles and matrix are:

Needles

) 1 Melting point cver 2000°C.

2. Low vapour pressure.

3. High strength, i.e. stiffness.

4, Low sputter yield, i.e. resistant to ion damage.
5. Electrically conducting - need not be metallic.
6. Chemi cally inert (permitting selective

etching of matrix).
Ts Low work function.
Matrix
1. Melting point over 800°c.
2 Low vapour pressure at ~500°C

Be Amenable to selective etching.

1.1. Cold Cathodes : previous work
The advantages of operating field emission cold cathodes in

place of conventional thermal cathodes have been discussed extensively
by Charbannier et al. in 196}(1). Recently, Considine and Balsiger(2)
have summarised the advantages of using field emission sources in
high density small diameter electron beams. Shelton (3) and Wardly
have outlined other applications for cathodes of this type. It is
not intended to discuss in detail the relevant properties of these
cathodes but the major advantages may be summarised as:
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(1) A cold cathode does not require a heater to emit
electrons and therefore the asszociated tube technology can be
simplifield.

(2) Me absence of a heater gives instant start, eliminating
D T

L ® o o
the time delay encountered during switoh-on of a thermal cathade.

Algo, fallure due to heater lum-out is prevented.
(3)  The mechanical robusthiess of the cathode is {mproved.

The progress in the development of oold sathades has been limited
however by the materials avallable for thelr manufacture. PMevious
work((‘) has cancantrated pan using tungstan as the emitting needle
(or paint) both as a multi-pin array or as a discrete single point
emitter Of the type used in elevtian micproscopes and some dadia display
tubes. The limftation with tungstan however had lLeen the need for

an ultra high vaocuum environment, typically 10°7 tore, in onder,

for example, to reduce damage Ly ion bambandment. Recent attempts

(6) (i )to use carban fibre cathades have not bLeen very successthul
due to the 'notse! cenerated by the Cibwve. However, work in Japan
(8) (\”clnims that a single falndcated p\flnt of ti tanium cardbide
works satistfactorily at pressures of 10-0 torr, and this pressure
range {8 well within the limits of cumrant tudbe technoloxy. A
further advantage of being able to Operate under a poorer vaouum
{s in the area of electron microscopy. Here the aurrent practice
is to use a tungsten emitter operating at 10’0 torr which requires

an expensive differantially pumped ultrea high vacuum system,

Materials which have properties similar to those of titanium
carbide therefore appear to have potantial as aingle point

emi tters and as Lroad sourves forr use in devices Operating at
higher power.

An Atlractive methad of praducing milti-point arrays of fine points,
potentially useful for electronic applicationa,is by the

directional solidification of sultadle eutectio alloys. The




development of directionally solidified eutectic alloys has

expanded considerably over recent years to produce materials for
use in high-temperature gas turbines; ‘'l[hese materialg, principally
refractory metal carbides, have been studied extensively to
produce composites of high strength and corrosion resistance
suitable for use as turbine blades. Examination of some of these
alloys has revealed interesting structures which clearly lend

themselves to fabrication of cold cathodes needle arrays.

1.2. Present Position

At present very little work is being undertaken an tield
emission cold cathodes. A limited examination of the devices
was made by Baker(G) and Lea (10)

ILimi ted have examined carbon fibres for use in an emission modulated

using carbon fibres. Ferranti

amplifier, and Fulmer has made a small number of 'first attempt'
eutectic cathodes for evaluation in this device.

In the US work is being carried out using directiciially solidified
5)
eutectics at the Georgia Institute of Teclmolog.v() where current
densities of 0.5 A/cm2 at voltages between 3 to 5 kV have been

obtained from tungsten needles in WAIO, and W/Zr0, composites.
9

In life tests, 3,000 hours of operation at 100 mA/cm™ has been
obtained and the ability of these materials to withstand pulsed
operations up to 100 kV has been demonstrated (2). Further work

in the US using oriented tungsten needles has been concentrated

at Linfield Research Institute(ll) and at the Oregon Graduate Centre
and the field emission of electrons from Mo cones produced by vacuum

deposition has been studied by Spindt at Stanford (l}).

Materials development work on the production of directionally
solidified eutectics for aircraft turbine blades has revealed

an interesting series of alloys. These are basically a series
of refractory carbide fibres, e.g. NbC and TaC which are grown
in an electrically canducting metal matrix such as Co, Ni, or Cr.
These fibres are typically 1 - 2 microns in diameter and can be

(12)




poen

pointed to enhance the field emission. Melting

~

0
points in excess of 2,000 C can be

achieved in these materials and the sputter yield is low.

These materials should theretfore be superior to the tungsten-
based composites and possess properties very similar to those

of titanium carbide.

Preliminary results on the emission properties were obtained

at Fulmer on the directionally solidified eutectic TaC fabricated
into a cathode appoximately 1 mm in diameter to demonstrate the
feasibility. A current of 3 mA at an extraction voltage of 10 kV

was obtained (Figure 1) in a sealed -off test diode.

1.3. Selection of Materials

The literature survey carried out at the early stages of this
project (R744/1, ref. 14) was concentrated, at first instance, upon the
refractory carbides, borides and nitrides. A review of the physical
properties of these refractories, based on the transition metals
from Groups IVA, Va, and VIA, showed that numerous condidate materials
were to be found which met many of the minimun reguirementis of high
melting point, low vapour pressure, low electrical resistivity
(not necessarily metallic conductance), ete. (15 - 20, 23). The crucial
parameter, field emission work function, is not well-documented and in
consequence, the wide choice of candidate materials (listed in
Tables 1 - 3 of ref. 1%) had to be reviewed by means of
additional criteria based in known phase equilibria,unidirectimnal
solidifrication and upon thermodynamic stabilities. The binary
carbides and borides were frequently to be found in one or more
eutectic equilibria in their respective binary phase diagrams while
nothing is known of the nitrides (Tables & - 5, ref.14). Again there are many
ternary and higher systems in which the binary borides and carbides
crystallize by eutectic reactions - i.e. pseudo-binary systems
(Tables © and 7, ref. 14).e literature on wnidirectional solidification
is now sufficiently comprehensive to show that the eutectic binaxy,
ternary and higher systems of the carbides and, DPossibly, borides are amenable

to unidirectional solidification giving the rod-like morphology
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requisite for needle arrays in cold cathodes (Tables 9 - 11).

The carbides of Nb, Ta and V are examples.

Very little useful information on the phase constitution of the
nitrides has been found (see Table 8, ref. 14).

The properties of the matrix are less critical - preferential
etching being one of the more important - and this allows a wide

range of systems. The final choices were made from the following

classes of system:

Binary eutectic M' - C M' - B

Ternary eutectic M' -M"-C M'-M"'-B
(pseudo-binary)

Quaternary eutectic M -M"-M'"-C M -M-M"'"-B

Here M' is a metal from our list of transition metals and forms a
binary boride or carbide, while M" and M'" may be chosen from a
wider range of metals. In the binary compounds it frequently
happens that M' forms more than one compound with boron or carbon
and that the stability of the compound increases with increasing
non-metal content, e.g.

M’2x<M'x<M'x2
For directional solidification in a binary system the eutectic
equilibrium must be between the parent metal, M', and the refractory
component. Since the least stable compound M'2X tends to be in
equilibrium with M', such binary systems are less suitable than
pseudo-binary systems between the more stable M'X or M'X2 and M".
Hence M' - M' - X compounds appear more promising provided eutectic
equilibria of the following type can be found:

Liquid = M" (solid) + M'X (solid).
Iiterature on unidirectional solidification has many examples of this $
type of equilibrium, wherein the refractory component has the
rod-1like morphology suitable for fabrication of needle arrays, (see ref.l4).

Further criteria of selection have been developed in the literature
survey which are based on thermodynamic data. A ranking order of




the carbides and borides has been found by tabulating the metallio
reaction pressures at some chosen temperature. According to this
tabulation, borides and carbides are roughly comparable in stability
but the borides are not sufficiently well documented for detailed
comparisan. The carbldes may be ranked in stability as follows:
TaC > 20C > NbC > HEC > TiC > VC
Nitr{des are found to have too high reaction pressure and when this
is taken into account together with the paucity of information

o phase equilibria and other shortoomings, they are excluded from

oconslderation.

The final short liat of candidate materials is proposed in the
following onder:

1. Nb CANb: NbC/Cos; NBOCANL:  Nbe/(Co, Cr, Ni)

2. 'l‘.'\:‘ Coi TaCANL:  TaC/(Co, O, Ni)

3. HECANL:  HEBR, /e Tan, /Or
It 18 not yet known .H‘ mlH.nb.lp eutectic equilibria exist in

Group M.
2. EXPERIMENTAL METHODS

Q.10 Cathade Fabreication

The tdeal requirement of a field emission cathode fa an array or
area of equispaced pointa of uniform height above a surface and having
auniform tip radfus. M this manner an applied ield across each
of the points will be uniform and hence an electron current can

be extracted from each point.

With a directionally solidified eutectdo structure, the ideal
wiformity {8 never achieved: the tibres vary in dlameter and the
spacings between the fibres are not constant.  However, the large
number off fibres present ensures that some fibres experience a
sufficiently high tffeld (0 cause electron emfasion. Tis high ileld

Is produced by elther the tip radfus being very small or, alternatively,
the separation of the fibres being large or a combination of these

two geometrioc effecta. Deterforation of ane off the tibres Ly fon




bombardment, or another process, causing emission to stop, and a
change in its physical shape, results in an increased field being
generated on an adjacent fibre. The principle of fabrication of

the emitter is to etch back chemically the matrix supporting the
fibres and then by using a further etchant to remove material from
the fibres to produce pointed ends. Sizes of the individual cathodes

are given later.
2.2. Test Chamber

The vacuum test chamber used for evaluating the eutectic cathode
is shown in Figures (2) and (3). The stainless steel chamber was pumped
using a polyphenol ether based oil diffusion system for the evaluation
of test cathodes. An electron bombardment filament was operated prior
to the cathode test, to increase the temperature of the cathode to
SOOOC and complete the outgassing of the cathode. The specimen support
arm could be moved vertically from outside the chamber and hence change
the anode/cathode separation during a cathode test if required. A
Brandenburg high voltage D.C. power supply of 10 kV, 10 mA with 0.05% ripple
at full output was used for the tests and the diode current measured
using a Keithley Electrometer connected to the copper anode.

2.3. Materials

The eutectic samples tested to date have been received from the
sources listed below; sizes of the specimens tested are given later.
The alloys listed below are nominal compositions but have not yet been
analysed, with the exception of A77 - 205.




Rilimer Researoh
Roke Poges, U.K.

Electran microprobe measurements of the A7 « 20H
material gave the following results for the composition of

fibrea and matrix In welght -

Fibres Mateix
Nt 7.9 70,1
Mo 0Y.7 208
Ta 2.0 2.8
Al oY 0.2

The microprobe beam 1s of the onder of 1 pm dfameter
and since the t'{bre diameters ave o' the same order the
reavlution between Cibre and matiix {a not pood and the

.

averlap must be expected to reduce the acouracy of the

analyslis.
b 8 RESULTS

The current test programe contains results which ave anly
preliminary ones obtained rom fragments of materdal ram
different sourcen. The speciman sfges tsed zo Car have bDeen
deternined by the materdal avallable rather than the {deal
ghape selected. However, these Inttial oxperiments have
produced worthwhi le results and help to formalise the experiment

now in progress.

Material Composf t{ion Souree
o !
\RY o (NL(Nt \M-M\\\ Ni-31 8 w/0-3.Q0 wo Ta D lemkey,
' FMTRC Kan fart
(ATT - 205) B.5 w/s Al “A W Fast Harti{ond,
conn. U.S.A.
NLO Ni-18 w0 Cr-10 w/o Nbe Jo B ingham,
Cranfield Inst.,
“\‘\“‘\‘\‘\‘. K
I'aC Ni<10 w/o Cr=10 w/o TaC Foae Wileson,

inat.
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3.1. Fowler-Nordheim Equation

The emission characteristics of a fleld emisston cathode
>

QW)
are poverned by the Fowler-Nordheim \ equation.
)-(\ 2] 0+ \1. "“-T v ) -2
1,54 x 1C I OXp, -6.83 x 10" ¢7° v(y) Acm

abelane o) 3

where I {s the ftield strength in V/cm

@ 1s the work function of the cathode in eV, t(y) and V(y)
25 4 1R/
(25) (slowly varying) functions of y= 3.79 x 10 ‘F e

are tabulated

The slope of the Fowler-Nordheim (F-N) equation is

2 . [ g M
d(log 10 JAY) 2.98 x 10' ¢ S(y)

a(1/F) i
where S(y) is a tabulated function of y. As the applied field (I)
is dirvectly proportional to the applied voltage (V) assuming the
geometry and the work function of the cathode does not change during

]
testdng, a plot of log, . (IAN7) versus 1/V will produce a straight

10
line provided field emission 1s the dominant charge carrier and
that space charge* does not occur. The results are plotted as

Fowler-Novdheim functions ot 'lop;m (INT) against 1AV,

3.2.v_/v'- a Material (A77-205)

Mis specimen was an 0.78 om diameter cylinder oriented so

3 that the face of the cylinder was parallel to the copper anaode.

»*
Space charge effects are associated with electrans in the

interelectrode space, which at high volume densitics efteots

the structure of the external fleld, changing the electron path.




The structure of the cathode is shown in Figures (4) and (%)
before testing. The structure shown in Figure (€) is an area of

the cathode at the completion of the test mus.

This test lasted a total of S0 hours when run at varying emission
current up to the onset of arcing. Figure (7) shows an area of
the cathode wherearcing has occurred but no overall deterioration
in the performance of the cathode was apparent resulting from the
arcing.

The Fowler-Nordheim (F-N) plots for this composition are shown in

Figure (8) at two anode to cathode separations of 0.5 and 1.0 mm.

3 -3
The maximum current obtained was 2.5 x 10 “A, corresponding to a

2

current density of 5.2 x lO-BA om © at an extraction voltage of 10kV.

3.3 Tantalum Carbide

This specimen was machined to a right circular cylinder 1 mm
in dlameter prior to etching of the matrix to expose the fibres. It
proved impossible to maintain the cylindrical geometry during the
etching which resulted in the specimen becoming cone shaped at the end
as shown in Figure (9). This specimen shape was finally tested
but the overall emitting area was difficult to estimate. After
o

; - 2 T
testing, an emitting area of 2.5 x 10 om was measured from the
scanning electron microscopy examination. This area could be in
error since 1t was not possible to be certain of the exact emitting

area.

The F-N plots for this cathode are shown in Figure (10) at anode-to-
cathode separations of 1 and 2.2 mm. Marked deviation from the
linear F-N plot occurs at both separations showing that probable
space charge effects are starting when 1/ is approximately 4.
Figures (11) and (12) show the fibres before testing in the cathode.

11
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The deterioration of the fibres is shown in Figure 13 where

the apparent melting of the fibre ends has occurred, producing

a dome. It is not possible to decide at this stage however, if
the domes at the ends of the fibres are caused by the melting of
the fibres of if they are associated with high voltage arcing.
The maximum current obtained was 8 x 10 A at 10 kV corresponding
to a current density of 31 l\cm-2 assuming an emitting area of
2.5 x 10"° om°.

A4. Niobium Carbide

The niobium carbide material was square-shaped approximately
1.7 x 1.7 mm. During the etching of this material
the square geometry was maintained. The fibres proved
impossible-to etch to fine points and were eventually tested as
shown in Figures (14) and (15). The cathodes operated satisfactorily
producing the F-N plot in Figure (10). Examination of the cathode after
testing for 50 hours has shown no significant deterioration of the
cathode. The only areas of damage are small regions where an arc

has occurred removing the fibres.

The maximum current obtained was 3.50 x 10-41\ and corresponded to a
current density of 1.3 x 10—21\ chD. For this test however an
extraction voltage of only 7kV was used since it was required to
avold damage to the array so that a life test could be made to the

cathode. This test is currently underway.
4. DISCUSSTI(N

4.1. Thermodynamic Stabilities

These have been referred to in the Introduction and in the
previous report (ref. 14) and are based on refs. 17 and 21.
Since the work of assessing reactia pressures was completed
further studies, carried out on our behalf by Irs. T.G. Chart
and T.I. Barry (22), have extended and confirmed our f{irst
conclusions.  For canvenience when comparing our results with
those of the NPL some of the material from the previous report

is reproduced here.
12




Reaction pressures in this report are quoted in atmospheres and
not, as hitherto, in torr.
Our initial assessment postulated simple and intuitively obvious
decomposition at 3000K (an asswred operating tomperature )

M'C (e) 2N (g) + € (o) +isvssvsnnans d

MM (o) 2 M'{g) + N {E8) «vrvvvnnnnnss 2

Mx., {c)=M(g) +2B {0) covvinnnnnesd 3

(¢ = crystalline phase £ = gaseous phase)

oS
-
pot
-
s
-

The NPL analysis of carbides, borides and nitrides takes
<

<
account several possible reactions for each of the three

classes of materials.

£.1.1. Carbides

N\\\-‘) L N'\\s".‘ + \‘\C\ Tea s e
eMC(c) & 'N‘C(o\ ' C,\\g‘. Wit ey
Calculations for the carbldes of metals from Groups IVA, VA and
VIA are based on the first reaction are set out in the following

S .
table for three different temperatures

Carbide h‘ﬁh‘(liom‘t'.i\‘x‘. Pregsure) of Metal, M\‘-;\(:~1\‘;=',“,:m*c;‘-

1000N J000R QALK
TiC -25.Q -9.0 -3.8
F .
2rC =4 -1%. 4 <O
VA {0, «9%.8 - T8
NBC ~36.7 <1404 ~7.0%
TaC ~40.7 108 8.8

VIA Cr..C. -14.0 < Lo -
we -3.8 -15.% 7.6

Valueg determuined by extrapolation beyand the temperature

range of reliability.

3 JACTION PRESSURES OF CARRIDNS NONNNININTAT Y AVY TRRe Y NS W
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The figures indicate that if, as seems to be the case, 3000K is
an the high side then decomposition will be very low at normal
operating temperatures which may be below 1000°C.

Good agreement between NPL and FRI figures can be seen where

comparisons are possible, for example:

TABLE 2 METAL REACTION PRESSURES OF SELECTED CARBIDES, ACCORDING
TO REACTION 4.

Candidate Material Loslo (Reaction Pressure) of

Metal, M', at 3000K, in atmospheres.
prr (1% o (22)

TaC -8.77 -8.8

2@xC -0.28 -0.4

NbC -0.00 -7T.0

HEC -5.74 -

T™C -3.5 «3:S

Ve -2.88 -

A comparison has been made of WC and TaC according to the secand
reactian for carbides which postulates the participation of Ta,C
or wac in the decompositiaon reaction. The results are prese.nt;d
in terms of the reaction pressure of gaseous carbon in equation 5.

-

TABLE 3 CARBON REACTION PRESSURES OF THE CARBIDES OF Ta AND W
ACCORDING TO REACTION 5

Carbide Loglo (Reaction Pressure) of Carbon, C.5, atmospheres
s 1000K 2000K 3000K
TaC -44.1 -17.2 -8.7
wC -37.8 -12.8 -7.9
(at 2500K)

(If the expression is in terms of C (monatomic) it would be
realistic for the low pressure oconditions; the canclusions

are unaffected, however).
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Comparison of these data with the previous table shows that for

TaC the reaction pressure of C‘(g) is about equal to that of

Ta(g) 1.e. coangruent evaporation is to be expeoted.

For WC a tendenoy to decompose to the sub-oarbide is indioated

by the somewhat higher reaction pressures of ocarban. The compard son
has not been extended to other carbides but, at this paint, agreement
between FRI and NPL assessmants of stability is good.

4.1.2. Bortdes
Reactions poatulated by the NPL for borides were as follows:

Mﬁe(o) ® N(g) +2B(0) +ivivnienese 6
B, (o) # dM(8) ¢ B8)  iviviiiinnn T

Caloulations for the first reaction may be expressed in terms
of the metal reaction preasure.

TARLE 4  METAL REACTION PRESSURES OF BORIDES, ACCORDING TO REACTION ©

Group Boride Logm (Reaction Pressure) of metal, M, atmospheres
1000K Q000K
IVA ™R, -9 - -12.3%
2R, -40.3 -15.9
ma‘, -41.9 -17.2
VA va; -29.0 -10.4
Nhﬁe -42.3 -17.1
Tall, 43,0 -17.6
VIA ch, -17.5 - 5.0

For the second reactian the dboran gas reaction presasures are
as followa:

TARLE 5 RORON REACTION PRESSURES OF BORIDES, ACCORDING 10 REACTION 4

Qroup Boride I»slo (Reaction Fressure) boron gas, atmospheres
1000K 2000K 300K

IVA '1‘.(% -30.1 -10.9 4. e
QR -30.1 -10.8 4. 4
H!‘Ba -2, 5 -11.3 -4.90

VA Vl\a -a7.1 - 9.0 “X.Tn
Nh&‘2 -8, -10.3% -4 Qe
TaB, -20.9 - 9.8 -3.8e

VIA Q'B,a =24, - 8.2

*NOt valid above the melting point of the metal due to
variable compositions in resulting liquid phase.
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The preferential vaporisation of boron in Zr, Hf and for Nb,

Ta borides indicates that reaction 2, i.e. formation of sub-borides

is a contingency which should be allowed for.

E 4.1.3. Nitrides
Calculations for the nitrides according to the following

reaction
2MmN < 2mM + N2(g) ............. i e e 8

have yielded high reaction pressures for nitrogen gas.

TABLE 6 NITROGEN REACTION PRESSURES OF NITRIDES, ACCORDING TO RFACTION 8

| Group Nitride Log, 4 (Reaction Pressure) of Nggas, atmospheres

A R R

1000K 2000K 3000K {
VA TIN -25.3 -7.8 1.7 :
ZrN -28.3 -9.3 ~2.9% ’%‘,
HEN -29.5 -10.4 -%.8% :
VA Nb_N -16.4 -3.5% -
TaeN -19.8 -6.4 ~2.3

*Values from data extrapolated beyond range of reliability.

The values are very high compared with those for borides and carbides
and confirm the decision not to consider nitrides further as

candidate materials.

Thermodynamic criteria of stability can provide, at best, only a
partial guide to the response of refractory needle arrays to
temperature /pressure conditions. They serve to isolate those
compounds which are most likely to give long operating lifetimes
but cannot give information on sputtering response, while the

i influence of physical properties such as the work function is

o e T LG AT MR AR IRETG P 8

ﬁ ; still a matter for experiment. The short list of compounds given
earlier represents a group of materials designed for test our

P working assumptions and is not a final short list of proven compounds.
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4.2. Emitter Geometry

The geometry of a field emission cathode in relation to

the total ¢
(20)

urrent generated has been discussed earlier by
¥ (27)

Levine nd by Feeney et al. . The total current generated

is related to the fibre protrusions above the matrix, the fibre
dlameter, tip radius of the fibre, fibre density and the physical
properties of the cathode (as listed in the F-N equation).

Correlations attempted to date have not proved successful due to the

limited amount of experimental results obtained.

4.3. Sputtering Damage - ion bombardment

Sputter induced degradation is certain to have an adverse

e S S T R " SR

effect upon all filament materials, but systematic data is available.

For elements the sputter yleld under ionic bombardment is related

to the heat of sublimation and hence to the vapour pressure 20)-

The inference is that elements suitable for filaments have low

vapour pressures and, by the same token, compounds with low decomposition
(i.e. reaction) pressures should be prime candidates. This is
consistent with the role of tungsten as a thermionic and field

emitter. Similarly it has been established that 2rC and Lu.‘ﬁ(‘ are

both superior to tungsten in stability to ionic bombardmént when
emitting in the field mode (29).

For further information or sputtering rates see refs. 30 and 31.

4.4, Comparison of Materials.

Detailed comparison of the results from the materials tested
so far is not possible at this stage. The relatively poor
performance of the A77 - 205 material does, however, give a starting
point. It is described as nominally vy (y' - @) - i.e. three-phase.
Optical microscopical examination succeeded in revealing only two
which formed a typically eutectic morphology with dark ribres ov
lamellae in a light matrix. The identity of the two phases is still
somewhate uncertain and microprobe analysis indicated only that

the matrix is nickel-rich while the fibres are molybdenum-rich.

17




The distribution of the remaining elements Ta and Al between
matrix and fibres is roughly equal. Previous work on the phase
equilibria and unidirectional solidification in the Ni-Mo-Al
system (33) describes the growth of o (Mo) rectangular fibres in
ay' (NI}AI) matrix while the y-phase (Ni), instead of being
randomly distributed between fibres and matrix appears to develop
a preferred orientation with y'. The phase diagram is still
controversial (see ref. 33, p.2080) but it has been shown (34)
that N1 Al dissolves only a very little Mo at 1150°C which is
consistent with a pseuodo-binary liquidus between the two

components.

It has been found that the current density of the A77 - 205 material
is poor compared with TaC and NbC and this may be accounted for by the
irregularity of the fibre alignments (Figure 5). More important,

the erosion fo the fibres (Figure 6) exceeds anything found for the
refractory compounds; an observation consistent with the expectation
(Section 1, page 6) that metallic phases, even those based on high-
melting elements like molybdenum, are unlikely to compete with

borides or carbides in resistance to ion damage.

18
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Figure10 Fowler-Nordheim plots for TaC cathode at the anode to
cathode separations shown.




Figure 11. TaC cathode before testing x 2K
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Figure 12. TaC cathode before testing x 10K
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